A global climatology from the Modern Era Retrospective-analysis for Research and Applications (MERRA) shows distributions and seasonal evolution of upper tropospheric jets and their relationships to the stratospheric subvortex and multiple tropopauses. The overall climatological patterns of upper tropospheric jets confirm those seen in previous studies, indicating accurate representation of jet stream dynamics in MERRA. The analysis reveals a Northern Hemisphere (NH) upper tropospheric jet that stretches nearly zonally from the mid-Atlantic across Africa and Asia. In winter/spring, this jet splits over the eastern Pacific and merges again over eastern North America. The jets associated with tropical circulations are also captured, with upper tropospheric westerlies demarking cyclonic flow downstream from the Australian and Asian summer monsoon anticyclones and associated easterly jets. Multiple tropopauses associated with the primary tropopause "break" commonly extend poleward from the subtropical upper tropospheric jet. In Southern Hemisphere (SH) summer, the tropopause break, along with poleward-stretching multiple tropopauses, often occurs across the tropical westerly jet downstream of the Australian monsoon region. SH high-latitude multiple tropopauses, nearly ubiquitous in June/July, are associated with the unique polar winter thermal structure. High-latitude multiple tropopauses are also common in NH fall/winter, sometimes associated with poleward-shifted upper tropospheric jets. The SH subvortex jet extends down near the level of the subtropical jet core in SH winter and spring. Most SH subvortex jets merge with an upper tropospheric jet between May and December; while much less persistent than in the SH, merged NH subvortex jets are common between November and April.
Introduction
Upper tropospheric jet streams have been recognized as a key component of the circulation and studied since shortly after their discovery in the late 19th century (e.g., see concise historical introductions in Koch et al. 2006; Schiemann et al. 2009 ). They play a fundamental role in storm-track dynamics (e.g., Chang et al. 2002; Nakamura and Shimpo 2004) . They exhibit strong relationships to phenomena such as atmospheric blocking, Rossby wave propagation, and tropical convection (Wallace et al. 1988; Matthews and Kiladis 1999; Hourinouchi et al. 2000; Schwierz et al. 2004 , and references therein). In particular, they are instrumental in guiding Rossby wave propagation (e.g., Martius et al. 2010) , with consequences for extreme weather events (e.g., Schubert et al. 2011) and Rossbywave breaking and mixing between the tropics and subtropics (e.g., Waugh and Polvani 2000) . Their association with blocking events, which are implicated in triggering stratospheric sudden warmings (Martius et al. 2009 , and references therein), links them to the stratospheric circulation. The upper tropospheric jets are also closely linked with climate: Modeling and observational studies suggest a poleward shift of the subtropical jet (thus widening the "tropical belt") resulting from the changing climate (e.g., Lorenz and DeWeaver 2007; Seidel et al. 2008; Davis 2007, 2008; Archer and Caldeira 2008; Davis and Rosenlof 2012) .
The upper tropospheric jets and the stratospheric polar vortex and subvortex (the lowest portion of the polar vortex that may extend into the lowermost stratosphere (LMS), McIntyre 1995) play an important role in coupling the stratospheric and tropospheric circulations. In addition to the upper tropospheric jets' correlation with blocking events that force stratospheric disturbances, the structure of the stratospheric vortex is critical to wave coupling between the stratosphere and troposphere (e.g., Harnik et al. 2011) . Climate model simulations indicate that the effects of the upper tropospheric/lower stratospheric (UTLS) jets on wave drag are key factors controlling the circulation response to greenhouse-gas-induced tropospheric warming (e.g., McLandress and Shepherd 2009; Sigmond and Scinocca 2010) .
The jets are instrumental in organizing transport in the UTLS and thus in controlling extra-tropical stratosphere-troposphere exchange. The chemical composition of the UTLS, particularly the distribution of ozone and water vapor, is critical, since radiative forcing of surface temperatures is most sensitive to ozone and water vapor changes near the tropopause (e.g., Lacis et al. 1990; Forster and Shine 1997; Solomon et al. 2010) . The Antarctic ozone hole has caused significant lower-stratospheric temperature change (e.g., Shine et al. 2003) , and substantial ozone depletion occurs in the subvortex, where chemically processed air can be more efficiently transported to midlatitudes (e.g., Lee et al. 2002; Santee et al. 2011) owing to greater permeability of the transport barriers defined by the UTLS jets at these altitudes. Model studies indicate a strong sensitivity of Southern Hemisphere (SH) tropospheric jets to ozone depletion and recovery (e.g., Son et al. 2008; McLandress et al. 2011 ).
An abrupt drop in tropopause height, or "tropopause break" across the subtropical upper tropospheric jet, with a much lower tropopause on the poleward side, is a key climatological feature related to extratropical stratosphere-troposphere exchange. Multiple tropopauses are often observed near the tropopause break (e.g., Randel et al. 2007; Añel et al. 2008; Peevey et al. 2012) and have been associated with changes in UTLS composition through intrusions of tropospheric air above the primary tropopause (e.g., Pan et al. 2009; Homeyer et al. 2011) . Rossby-wave breaking is prevalent along the flanks of the upper tropospheric jets and stratospheric polar night jet (e.g., Randel and Held 1991; Hitchman and Huesmann 2007; Isotta et al. 2008; Homeyer and Bowman 2013) , and influences the depth of the extratropical transition layer (the region with mixed tropospheric and stratospheric characteristics around the extra-tropical tropopause) (Hegglin et al. 2009 ). In addition, Santee et al. (2011) showed how the co-evolution of the "subvortex jet" (the extension of the stratospheric polar night jet into the LMS that defines the subvortex, Manney et al. 2011 ) and upper tropospheric jets controls the transport barriers and hence the evolution of trace gases in the LMS.
Several recent studies have explored the climatology of upper tropospheric jets using reanalysis data. Koch et al. (2006) used European Centre for Medium-range Weather Forecasts (ECMWF) ERA-15 reanalyses to develop an event-based global jet-stream climatology and compared the seasonal (primarily 2-dimensional, 2D) evolution in the two hemispheres. Davis (2007, 2008) used National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) and ECMWF ERA-40 reanalysis data to examine jet streams using a three-dimensional (3D) view for NH winter, reporting on their relationships to teleconnections and evidence for trends. Archer and Caldeira (2008) explored trends in jets using the NCEP/NCAR reanalysis in a global 2D view using a mass-weighted average throughout the upper troposphere. Barton and Ellis (2009) examined variability and trends in the North Pacific jet streams using NCEP/NCAR reanalysis 300-hPa winds. Schiemann et al. (2009) extended the method of Koch et al. (2006) to 3D to explore the variability of and trends in the upper tropospheric jets in the Tibetan Plateau region. Limbach et al. (2012) developed a new 4-dimensional eventtracking and identification algorithm and applied it to look at the climatology of upper tropospheric jets, especially merging and splitting events, in two years of operational ECMWF data. Several studies of the climatology of Rossby-wave breaking (e.g., Waugh and Polvani 2000; Hitchman and Huesmann 2007; Isotta et al. 2008; Ndarana and Waugh 2011) and of multiple tropopauses (e.g., Randel et al. 2007; Añel et al. 2008 ) have been conducted. Both phenomena are related to the patterns of transport around the UTLS jets. The representation of the UTLS jets and tropopauses in the NASA Global Modeling and Assimilation Office (GMAO) Modern Era Retrospective analysis for Research and Applications (MERRA) has not been studied in detail. Manney et al. (2011) described a method of characterizing the upper tropospheric jets, subvortex jets and the tropopauses. The method was developed primarily to assist in relating the jets' characteristics to the climatology of UTLS transport. It was applied using the GMAO's Goddard Earth Observing SystemVersion 5.2.0 (GEOS-5.2.0) analyses. In this study, the method is used to study the UTLS in MERRA, characterizing the jet structures and their relationship to the tropopause in a highresolution modern reanalysis between 1979 and the present. Section 2 briefly describes the MERRA dataset and the methods used. Sections 3 and 4 present the climatologies and annual cycle of the relationships between the upper tropospheric jets, the subvortex jet, and multiple tropopauses. Section 5 shows some climatological features of the jets and tropopauses in the jet-coordinate framework of Manney et al. (2011) . A summary and conclusions are presented in Section 6.
Data and Analysis

a. MERRA Reanalysis Data
The GEOS-5.2.0 general circulation model (GCM) and data assimilation system (DAS) used for MERRA are described by Rienecker et al. (2008) . Six-hourly meteorological analyses for GEOS-5 are produced with the Gridpoint Statistical Interpolation (GSI) analysis method of Wu et al. (2002) , which is a Three-Dimensional Variational (3D-Var) approach. The analyses include wind and temperature data from radiosondes and aircraft, as well as infrared and microwave radiances from a broad range of satellites, all of which directly impact the analyses in the UTLS (Rienecker et al. 2011) . The fields used in 2 this study are the 3D assimilated products from the DAS. These were computed using the GEOS-5 GCM that includes, along with the dynamical and physical forcing terms, an additional forcing known as the incremental analysis update (IAU) computed from the difference between the model forecast and the analysis (Bloom et al. 1996) . The IAU is the forcing needed to adjust the GCM state to the atmospheric analysis when applied as a time invariant field over the six-hour duration of the forecast. Application of the IAU as a smooth forcing field leads to a smoothly evolving assimilated state, which is ideally suited to atmospheric transport studies.
Ozone from the MERRA on-line analysis, which uses partial columns from the Solar Backscatter Ultraviolet (SBUV) instruments, is coupled to the meteorology via the radiative impacts on the GCM and the infrared satellite radiances used for temperature and moisture analyses, but infrared radiance observations have no impact on ozone and there are no covariance terms between ozone and the meteorological fields.
Most of the assimilated MERRA fields used in this work are archived at the full GCM resolution (0.5 latitude by 0.6667 longitude). They are on 72 model levels from the surface to 0.01 hPa,with a vertical spacing of about 1 km in the UTLS. MERRA Potential Vorticity (PV), however, was cataloged only on 42 pressure levels from 1000 to 0.1 hPa on a reduced horizontal grid (1.25 • ×1.25 • ). Because the jets and tropopauses are characterized on the full resolution grid, the PV fields are interpolated back to that grid. Comparisons of the jet and tropopause characterization done with MERRA versus operational GEOS-5 fields (for which the PV is provided at the full model resolution) show negligible differences in large-scale and climatological features, but "dynamical" tropopauses calculated from MERRA PV are substantially smoothed, often leading to distinctly different structure in individual daily fields in situations (such as the vicinity of tropopause folds) where the tropopause varies rapidly.
b. Jet and Tropopause Characterization
The methods of Manney et al. (2011) , used to characterize the jets and tropopauses, are summarized below. Figure 1 shows several examples of latitude/altitude windspeed sections illustrating the methodology, as well as showing several typical synoptic patterns that give rise to climatological features discussed later in the paper.
At each longitude on the MERRA grid, an upper tropospheric jet core is identified at each latitude/altitude gridpoint with a local maximum in windspeed that exceeds 40 m s −1 . The boundaries of the jet region are the four gridpoints vertically above and below and horizontally poleward and equatorward of the core where the windspeed drops below 30 m s −1 . When more than one maximum above 40 m s −1 appears within a given 30 m s −1 contour, they are defined as separate cores if the latitude distance between them is greater than 15 • or the decrease in windspeed between them is greater than 25 m s −1 . These parameters were tuned to approximate as closely as feasible the choices that would be made by visual inspection. The altitude and latitude, as well as dynamical characteristics (winds, PV and PV gradients, temperature and temperature gradients, distance from tropopause, etc) are cataloged for up to five jet cores in each hemisphere at each longitude. As noted by Manney et al. (2011) and shown below, there is usually a minimum in upper tropospheric jet occurrence frequency near 40 • latitude, so a simple definition of the "subtropical" and "polar" upper tropospheric jets that is useful for climatological studies is the strongest westerly jet equatorward and poleward of 40 • latitude, respectively.
The subvortex jet core is identified as the most poleward maximum in westerly windspeed at each MERRA model level that exceeds 30 m s −1 , and the locations of the 30 m s −1 contour crossings poleward and equatorward of this define the boundaries of the subvortex jet region. The bottom of the subvortex jet often extends down to the level of the tops of the upper tropospheric jets. To distinguish between the two in such cases, we first identify the subvortex jet at levels down to a pressure near 300 hPa. We then work down from the level nearest 80 hPa to identify the lowest altitude at which the windspeed of the jet is still decreasing with decreasing altitude; this is defined as the bottom of the subvortex jet.
Dynamical tropopauses are cataloged, defined by PV values in the extratropics from 2.0 to 6.0 PVU, joined with the 380 K potential temperature (θ) contour where that contour is at higher altitude than the PV contour (typically in the tropics). The PV values cover the range that has been widely used to define the extratropical tropopause (e.g., Highwood et al. 2000; Schoeberl 2004; Kunz et al. 2011) . The thermal (temperature gradient) tropopause is calculated using the World Meteorological Organization (WMO) definition (a review of issues related to definition of the thermal tropopause is given by Homeyer et al. 2010) . Multiple thermal tropopauses are identified if dT/dz drops below −2 K/km above the primary thermal tropopause, and then rises above −2 K/km again. Randel et al. (2007) showed that using this criterion, rather than requiring dT/dz to drop farther below the initial threshold in between, results in a climatology of multiple tropopauses in relatively coarse-resolution meteorological analyses comparable to that from higher-resolution measurements such as those from Global Positioning System satellites or radiosondes.
Seasonal Jet and Multiple Tropopause Occurrence
Seasonal occurrence frequencies for upper tropospheric jets are shown in Fig. 2 for December/January/February (DJF), March/April/May (MAM), June/July/August (JJA) and September/October/November (SON), along with the average windspeed at the jet cores, with wind vectors overlaid to provide direction information. The frequencies are normalized by the number of days included and the number of longitude gridpoints, and multiplied by 100 to provide a percentage; thus, if there was always a jet at each longitude gridpoint in a bin, the value for that bin would be 100%.
The jets in both hemispheres show a structure with high frequencies of both polar and subtropical jets in some longitude sectors joined by regions with a transition between a more persistent subtropical or polar jet. A more annular structure dominated by a single jet is seen in summer. These patterns resemble those reported by Koch et al. (2006) . The details of the patterns differ substantially between the hemispheres. In the NH winter and spring (Figs. 2a, b) , a strong, zonal jet that shifts slightly poleward toward the east dominates the region from the mid-Atlantic across Africa and Asia; the peak jet frequency bifurcates over the eastern Pacific, where the maximum occurrence shifts strongly poleward, and merges again over eastern North America. Strong and Davis (2008) related a split (as seen in the climatology here) or merged jet over North America in winter to the Pacific-North American teleconnection pattern. Li and Wettstein (2012) showed that the upper tropospheric jets in the Pacific sector are strongly eddy-driven, compared to more radiatively-driven jets over the Atlantic and Eurasia, consistent with higher latitudinal variability and more frequent occurrence of multiple jets over the Pacific and western North America. A weaker reflection of this pattern is seen in NH fall (Fig. 2d) ; in NH summer (Fig. 2c) , the double-jet region is much weaker, but the pattern of a more variable jets over the eastern Pacific and western North America continues, as does the (albeit weaker) single jet occurrence maximum shifting slightly poleward across Africa and Asia.
In the SH winter and spring (Figs. 2c, d) , there is a strong zonal pattern of two concentric jets around much of the globe, with a region over the south Atlantic where the occurrence frequency peak of the subtropical jet tilts poleward to meet that of the polar jet in a spiral structure. Williams et al. (2007) showed that this SH spiral jet structure, which begins to form in fall and persists into spring, arises from momentum flux convergence associated with RWB. A separate preferred region for subtropical jets occurs east of about 45 • E with a strong zonal pattern. A very similar, but weaker, pattern is seen in SH fall (Fig. 2b) . In SH summer (Fig. 2a) , the pattern remains qualitatively similar, but the most persistent jet (highest occurrence frequencies) is the single one extending from ∼30 • W to 130 • E south of Africa; this is the only period/region in which the polar jet is more persistent than the subtropical jet. There is a more limited region of concentric jets over the Pacific. These patterns are also consistent with the results of Koch et al. (2006) .
Figures 2e through 2h show that in general the strongest jets are associated with the highest frequencies, with strongest (weakest) jets in winter (summer) in each hemisphere. Except in summer, the NH jets are stronger than those in the SH in the corresponding season.
The jet characterization methodology also captures tropical jet systems. The "westerly ducts" (e.g., Hourinouchi et al. 2000; Homeyer et al. 2011) are represented in equatorward bulges in NH subtropical jet frequencies centered near 135 • and 30 • W in NH winter (DJF, Fig. 2a) . Examination of individual maps shows persistent extension of tongues of high PV into the tropics in the region of the eastern Pacific westerly duct, and low PV from the tropics into the subtropics, consistent with the tropical/subtropical and interhemispheric transport (e.g., Waugh and Polvani 2000; Hourinouchi et al. 2000) . The eastern Pacific westerly duct lies across the equator from a region of strong, persistent westerlies in the SH from about 100 • to 140 • W longitude. This SH summer westerly jet (and the westerly duct to its north) is related to a manifestation of the "Gill solution" (Gill 1980) in which convective heating gives rise to upperlevel westerlies/low-level easterlies downstream of low-level westerlies/upper-level easterlies such as those seen in monsoon regions (e.g., Sardeshmukh and Hoskins 1988 ). The associated upper-level easterlies of the Australian monsoon are apparent in Fig. 2a between ∼90 • E and 135 • E. A view of the typical synoptic structure associated with this SH tropical westerly jet is shown in Fig. 1a .
In NH summer/SH winter ( Fig. 2c) , the dominant tropical feature is the strong, persistent easterly jet that forms the southern branch of the Asian summer monsoon circulation. The subtropical westerly jet at this time shifts from equatorward to poleward of the Tibetan Plateau (from near 30 • N to 35 • to 40 • N), as described by Schiemann et al. (2009) . As noted by Manney et al. (2011) , and discussed in the context of subvortex transport by Santee et al. (2011) , the wintertime subvortex jet often merges smoothly into the top of an upper tropospheric jet (e.g., see Figs. 1b, d) ; depending on the degree of longitudinal continuity, this may form a single deep barrier to horizontal transport extending from the stratosphere well into the upper troposphere. Starting from our definition of the subvortex jet (Section 2b), the presence of a "merged" jet can be readily identified as any case where the subvortex jet at the lowest level identified has a windspeed significantly greater than 30 m s −1 and the edges of the subvortex jet region at that lowest level are separated by at least 5 • latitude; these criteria ensure that the lower bound of the subvortex jet was identified by the windspeed beginning to increase with decreasing altitude, rather than by the windspeed becoming less than 30 m s −1 (the latter meaning that the subvortex jet ceases to exist). Figures 3a through 3d show the occurrence frequency of all subvortex jets (merged and unmerged). In Figs. 3e through 3h, we plot the occurrence frequency of the lowest level of the cataloged sub-vortex jets having windspeed greater than 35 m s −1 and edge separation greater than 5 • latitude, thus representing the patterns of merged jets; contours of unmerged subvortex jet frequencies are overlaid.
As expected from the colder and deeper stratospheric vortex in the SH, subvortex jet frequencies are much larger, and cover more of the annual cycle, in the SH than in the NH. Subvortex jets become common, but are primarly unmerged, in SH fall (Figs. 3b, f) . In SH winter and spring, merged jet frequencies exceed those of unmerged jets (Figs. 3c, d) , with highest merged jet frequencies (virtually all of the subvortex jets in spring) between ∼30 • W and 100 • E longitude. In this region, the polar jet is both the most prominent upper tropospheric jet and is shifted equatorward to more closely underlie the subvortex jet than in other longitude regions (Figs. 2c, d ). The pattern is very similar in fall (and in December, as reflected in Figs. 3a, b) , but weaker, with more unmerged than merged jets. While the seasonal composites shown here suggest the existence of some subvortex jets throughout the year in the SH, examination of monthly maps shows that subvortex jets are in fact absent in January through March, and very infrequent in April; the non-zero values in Fig. 3a are from not-infrequent occurrences in December, and those in Fig. 3b primarily from frequent occurrences in May. In the NH, subvortex jets are absent in May through September, and uncommon in October.
In the NH, merged jets in winter and spring (Figs.3e, f) occur preferentially over the north Atlantic (usually north of 60 • N), and over Asia (usually south of 60 • N, sometimes shifted south of 40 • N); these are preferred regions for the shift of the stratospheric vortex off of the pole (e.g., Manney et al. 1996; Waugh and Randel 1999; Harvey et al. 2002) . While these are also preferred regions for the presence of any subvortex jet, there is an additional maximum in unmerged and total jet frequency north of 60 • N near 135 • to 180 • W (Figs. 3a, b, e, f). Comparing with the upper tropospheric jet frequencies in Fig. 2 , it can also be seen that the north Atlantic is a preferred region for upper tropospheric jets at high latitudes. This is associated with the frequency of strong ridges and poleward transport in this region, which are in turn linked to the formation of "mini-holes" in column ozone (e.g., Manney et al. 1996; Orsolini et al. 1998; Hood et al. 2001; Allen and Nakamura 2002) . The peak in subvortex jet frequency near 135 • E, 40 • N in DJF (Figs. 3b, f) corresponds to a significant number of cases in NH winter when a highly distorted stratospheric vortex extends into the LMS, typically associated with strong stratospheric sudden warmings (such an example is shown in Fig. 1d) . Figure 4 shows the occurrence frequency of multiple tropopauses. In each hemisphere, there is a band of high double tropopause frequencies in all seasons extending poleward from the subtropical jet frequency maximum seen in Fig. 2 . These multiple tropopauses are most persistent in winter and spring in both hemispheres, and more common in the NH than in the SH in the corresponding season. There are strong maxima in multiple tropopause frequency over North America (from ∼130 • to 50 • W) and extending across northern Africa from ∼20 • W to 60 • E. These patterns are consistent with previous climatologies (e.g., Randel et al. 2007; Añel et al. 2008 ) that used higher-resolution datasets, and arise when the higher tropical tropopause extends poleward over the lower mid-latitude tropopause. Plots similar to Multiple tropopauses are also common in the polar regions in both hemispheres in fall, winter and spring. While the multiple tropopauses identified in the polar regions generally occur poleward of the subvortex jet, their longitude variations are not closely correlated with those in either the subvortex jet or the upper tropospheric jet frequencies. Investigation of the thermal structure in the SH winter polar regions shows a deep layer with dT/dz near the −2 K/km threshold, often producing a weak thermal tropopause near 10 km, with a more distinct one near the altitude of the temperature minimum (sometimes as high as ∼18-24 km) (M. J. Schwartz, et al, in preparation). The ambiguity in identifying the thermal tropopause location resulting from the polar winter temperature structure can be seen in the frequent jumps between high and low latitude primary tropopauses in Fig. 1b . Similar features have been noted in studies of the tropopause in the winter polar regions (e.g., Bethan et al. 1996; Highwood et al. 2000; Zängl and Hoinka 2001) .
Examination of temperature maps for the NH suggests that the region with most high-latitude multiple tropopauses is colocated with the coldest area in the lower stratosphere (which is not, in general, concentric with the vortex/subvortex, e.g., Manney et al. 2003) . Many of these multiple tropopauses arise from a similar thermal structure to that described for the SH. However, there are also cases where multiple tropopauses extending into NH high latitudes are associated with tropopause variations across the polar upper tropospheric jet, rather than being primarily associated with the thermal structure in stratospheric vortex/subvortex region as in the SH. Figures 1c, d illustrate this type of structure. Such features are commonly seen in winters with strong stratospheric sudden warmings that affect the UTLS. The "polar" jet in these cases may correspond to one of the large, local, poleward excursions of the subtropical jet that can be associated with strong ridges, especially blocking events. Figure 5 shows the seasonal climatology of the altitude/latitude distribution of upper tropospheric jets, the subvortex jet, and the tropopauses in MERRA. The upper tropospheric jet frequency distributions usually show clearly the well-known pattern of a high-altitude (typically near 12 km) subtropical jet and a lower altitude (near 8-10 km) polar jet, with the primary tropopause following the level just above the jet cores. The secondary tropopauses associated with the tropopause break across the subtropical jet are typically near 15-17 km. There is commonly a clear separation (minimum in the frequency distribution) between the subtropical and polar jets near 40 • latitude. The lack of a clear division in JJA reflects the poleward shift of the westerly jet over the Tibetan Plateau at this time (e.g., Schiemann et al. 2009 ).
In NH winter and spring (Figs. 5a, b) , a third upper tropospheric jet maximum near ∼13-14 km and ∼20 • N is associated with the westerly ducts. Similar maxima in SH spring and fall (Figs. 5a, b) are associated with equatorward excursions of jet occurrence near 90 • to 135 • W that can be seen in Figs. 2b, d . The persistent SH summer tropical westerly jet downstream of the Australian monsoon easterlies near ∼90 • -140 • W in Fig. 2a is shown here to be centered near 15 km, just below the tropical tropopause, consistent with the synoptic structure shown in Fig. 1a . The strong tropical easterly jet associated with the Asian summer monsoon circulation is centered near 16 km, closely coincident with the altitude of the tropical tropopause (Fig. 5b) .
The subvortex jet extends into the LMS much more often in the SH than in the NH, doing so with high frequency throughout the winter and spring seasons, and often extending below 12 km. The NH subvortex jet is significant only in winter and rarely extends below 15 km. That the NH subvortex jet is present only at higher altitudes is consistent with the fact that merged jets in the NH are most frequent when the subvortex jet is shifted to lower latitudes, where the upper tropospheric jets extend to higher altitudes. In winter the main region of primary tropopauses is farther above the upper tropospheric polar jet in the SH than in the NH and at higher altitude, near 10 km in the SH versus 9 km in the NH, probably as a consequence of the weaker wave-driven Brewer-Dobson circulation in the SH (e.g., Shepherd 2002). There is a second region of primary tropopauses in the SH winter at higher altitude, near 12-13 km. This is consistent with the evidence mentioned above and previous work showing the ambiguity of the thermal tropopause in the SH polar winter. Figure 6 shows the annual cycle averaged over 1979 through 2012 of upper tropospheric jet core frequencies, subvortex and merged jet frequencies, and multiple tropopause frequencies as a function of latitude and time (for all longitudes).
Annual Cycle of Jets and Multiple Tropopauses
In the NH, Fig. 6a shows the subtropical upper tropospheric jet is always more persistent than the polar jet, with peak subtropical jet frequencies in mid-January through mid-March. There is a clear indication that both subtropical and polar jets are commonly present in mid-March through mid-May, and October through mid-November, at the beginning and end of the period when the subtropical jet shifts northward to near 40 • N during summer. The double peak during these transition periods most likely results partially from the subtropical jet vacillating between higher and lower latitudes as described by Schiemann et al. (2009) , though some studies also suggest the simultaneous presence of two jets intermittently in the zonal mean (e.g., Bordi et al. 2007 Bordi et al. , 2008 or in limited longitude sectors (e.g., Eichelberger and Hartmann 2007). The broad region of moderate jet frequencies from ∼40 to 60 • N during most of the year often represents the presence of a polar jet, but sporadic large northward excursions of the subtropical jet, such as during blocking events, also contribute to this pattern. Thus, as shown in Section 3, there is no clear distinction between the two jets in the climatological patterns. The lack of a clearly focused polar jet region indicates that its position and existence are highly variable.
In the SH, the upper tropospheric (Fig. 6a) subtropical jet is most frequent/persistent in June through September, and centered near 30 • S throughout that period. Except during midDecember through February, both polar and subtropical jets are frequently present and distinct, consistent with the concentric jet structure shown in the maps in Section 3 and with previous studies (e.g., Koch et al. 2006 ). The polar jet latitude ranges from about 50 • S in December and January to about 55 • to 60 • S in April through October. In June through September, the polar jet is still distinct from, but is much less persistent than, the subtropical jet.
The SH subvortex (Figs. 6b, c) begins to strengthen in late March, and persists through mid-December. Consistent with the results in Section 3, and in line with the much stronger, deeper, and less variable SH subvortex, merged subvortex/upper tropospheric jets, while common in winter in both hemispheres (Fig. 6c) , are much more frequent and vary less in latitude in the SH than in the NH. While most SH subvortex jets are unmerged in April and May, nearly all of them are merged by the beginning of July and remain so through late November. In the fall, this corresponds to the time when the subvortex jet not only begins to penetrate to lower altitudes, and to shift equatorward, but also the upper tropospheric polar jet (Fig. 6a) shifts poleward, more directly under the subvortex edge. In spring, the subvortex breaks up first at higher altitudes, leaving a strongbut more variable in position -jet in the LMS that typically remains merged with the upper tropospheric polar jet (which is also becoming more variable, as seen in the broad, more diffuse frequency distribution in Fig. 6a in November and December).
The band of multiple tropopauses associated with the subtropical jets in both hemispheres is clearly apparent in Fig. 6d , and shows a close correlation of higher multiple tropopause frequencies with higher subtropical jet frequencies. The regions of multiple tropopauses in polar winter are also clear. In both hemispheres, polar multiple tropopauses most commonly form earlier in the season (mid-November through mid-January in the NH, late May through July in the SH) than the most persistent subvortex. This suggests, particularly in the SH, where fewer of these multiple tropopauses are directly associated with the upper tropospheric jets, that the thermal structure discussed above resulting in identification of multiple tropopauses is much less common in spring and late winter (after late January in the NH, mid-August in the SH) than in fall/early winter.
The region of high upper tropospheric jet frequencies just south of the equator in late December through February is associated with the SH tropical summer westerly jet taht forms east of the Australian monsoon anticyclone. Figs. 7a, b show upper tropospheric jet frequency and multiple tropopause plots similar to Fig. 6 , but limited to the 105 • to 135 • W longitude region where this jet occurs, for October through April. The summer westerly SH tropical jet separates from the SH subtropical jet in mid-November, and dissipates in late March. A second band of double tropopauses forms just poleward of this jet for the duration of its existence. As illustrated in Fig. 1a , when this tropical jet is strong, the tropopause break may occur across it, rather than across a higher-latitude subtropical jet, with a similar characteristic extension of the high tropical tropopause poleward over a lower one. Similar plots of the Australian monsoon region from 90 • to 135 • E (not shown) indicate persistent equatorial easterlies from early December through mid-March, consistent with the linked generation of these features discussed above.
In the 105 • to 135 • W longitude region shown in Figs. 7a and b, the NH polar jet in fall/winter/spring is more frequent, as well as more clearly separated from the subtropical jet, than in the global view. This is the region over the eastern Pacific and western US where the upper tropospheric jet frequency pattern splits and both polar and subtropical jets are often present; large excursions of the subtropical jet north of 40 • N also occur (see Fig. 2a , b and discussion thereof).
As noted above, the region of high equatorial jet frequencies in June through August is associated with the Asian summer monsoon circulation. Figures 7c and d show the annual cycle of upper tropospheric jets and multiple tropopauses in the 45 • to 90 • E longitude region in April through October. The easterly branch of the Asian summer monsoon circulation is apparent in late May through early October, during which period the subtropical westerly jet is shifted poleward. This circulation is most persistent in mid-June through mid-August, concurrent with the period when the subtropical jet is at highest latitudes, up to ∼45 • N. In contrast to the lower frequencies of upper tropospheric jets seen in the global mean (Fig. 6a) , in this region the westerly subtropical jet is nearly as persistent during summer as it is during the rest of the year. In May through mid-August, the multiple tropopauses (Fig. 7d) extending north from the westerly subtropical jet are much more persistent than in the global mean (Fig. 6d) . Figure 1b illustrates the synoptic structure giving rise to these patterns. Another notable difference seen in Fig. 7c relative to other longitude regions is that the SH polar jet is much more, and the SH subtropical jet somewhat more, persistent in the 45 • to 90 • E longitude region than in the global view. In this region, the SH polar jet is nearly as persistent as the subtropical jet, indicating that both jets are typically present.
Another view of the longitudinal asymmetries is given in Fig. 8 , which shows the upper tropospheric jet frequencies in the 15 • to 45 • latitude band (typically covering the region wherein the subtropical jets reside) in each hemisphere, along with the same view of the frequency of multiple tropopauses. The subtropical jets are most persistent in winter, as shown above, but also show preferred longitude regions, with a shorter period of lower frequencies in the SH between about 30 • W and 60 • E, and lower frequencies between 20 • and 180 • W longitudes in the NH winter. The highest multiple tropopause frequencies tend to be shifted westward (upstream) of local (in longitude) maxima in the jet frequencies. The multiple tropopause features progress eastward with time (a slope down and to the right in Figs. 8b,  d) , as do the contemporaneous patterns in jet frequency. These characteristics of the climatological multiple tropopause time evolution resemble the features shown by Peevey et al. (2012) from three years of HIRDLS data. MERRA shows a decrease in multiple tropopause frequencies over China, similar to that found by Añel et al. (2008) in a 39-year record of radiosonde data. Peevey et al. (2012) suggested that this minimum, deeper than that seen in HIRDLS results, could arise from the sparsity of sonde measurements in this region, a factor that could also affect MERRA. However, examination of MERRA for the years with HIRDLS measurements (2005) (2006) (2007) shows a much shallower decrease over China than in the 34-year climatology, indicating that the difference arises primarily from interannual variations. Figure 9 show climatologies for the solstice seasons in a coordinate system with the distance in latitude and altitude from the subtropical (Figs. 9a, c) and polar (Figs. 9b, d ) jet cores as horizontal and vertical coordinate. (The MAM and SON distributions show features similar to those in DJF and JJA, respectively.) This coordinate system highlights the processes occurring around the jets . The PV contours shown, 2 and 6 PVU, are near the lower and upper values of the range commonly used to define the dynamical tropopause (e.g., Kunz et al. 2011) . The locations where multiple tropopauses are most common are also indicated, along with contours of dT/dz surrounding the −2 K km −1 threshold that defines the WMO tropopause. Regions with a high frequency of negative latitudinal PV gradients, a diagnostic of Rossby-wave breaking (RWB) (associated with enhanced transport, Homeyer and Bowman 2013, and references therein), are also indicated.
A Jet-Coordinate View
The polar jet is washed out (seen only as a poleward extension of the region of significant windspeeds in winter) in the plots made with respect to the subtropical jet, as is the subtropical jet when plots are made with respect to the polar jet, indicating that both jets are often not present at the same times and/or longitudes, or that the latitudinal distance between them varies .
The subtropical jet is strongest in winter (Figs. 9a, c) and spring (not shown), and, except in spring, stronger in the NH than in the SH during the same season. Higher windspeeds in the tropics in the NH in summer (Fig. 9c ) between ∼2 and 6 km above the jet are associated with the Asian summer monsoon circulation. Similar, though weaker, features in the SH summer (Fig. 9a) are associated with the Australian monsoon and accompanying tropical westerlies. The stratospheric summer easterly jet is apparent overlying the monsoon-related features, and is stronger in NH than in SH summer. The 2 PVU potential vorticity contour in all seasons and both hemispheres passes very near the core of the subtropical jet and is nearly vertical at that point, consistent with the results of Kunz et al. (2011) relating the strongest PV gradients on isentropic surfaces (hence PV most nearly perpendicular to the surface) to maximum windspeed. The tropopause as indicated by this PV contour drops from ∼3-4 km above the subtropical jet core on the equatorward side to ∼1-2 km below it on the poleward side.
The SH winter plot (Fig. 9c) show the subvortex jet extending down nearly to the core of the subtropical jet. To the extent that all three jet regions are emcompassed by the same 24 m s −1 contour, there is incomplete separation between upper tropospheric polar and subtropical jets and the subvortex jet. In contrast, in the NH, the subvortex jet rarely extends below 12 km winter (Fig. 5 ) and its lowest reaches remain ∼5-8 km above the subtropical jet core. This seasonal and hemispheric dependence of the jets was evident in the jet-frequency climatology (Figs. 2, 3 and 5). The polar jet strength varies less with season and hemisphere than that of the subropical jet, but is slightly stronger in the SH in summer and fall (DJF, Fig. 9b ; MAM, not shown) than in the NH or in other seasons. The tropopause also drops across the polar jet, but (consistent with smaller altitude extent of the polar jet) only from about 1-2 km above it on the equatorward side to 1-2 km below it on the poleward side. That this drop is much more obvious here than in cross-sections of all jet/tropopause frequencies shown in Fig. 5 reflects the fact that the polar and subtropical jets are often not prominent at the same time: Since the subtropical jet is often stronger and/or more persistent, the average over all conditions is dominated by the large drop across the subtropical jet.
Regions of high frequency of negative latitudinal PV gradients (solid black contours in Fig. 9 ) indicate frequent or persistent RWB. RWB occurs sporadically in localized regions, but the jet-coordinate view favors detecting it since it is particularly common on the flanks of the jets (e.g., Hitchman and Huesmann 2007; Homeyer and Bowman 2013) . Surrounding the subtropical jet, the strongest RWB is in the NH in summer (Fig. 9c) , with an extensive region on the equatorward flank and a small region near the tropopause on the poleward flank. In NH summer, SH winter (both JJA) and SH spring (not shown), there is a small region just poleward of and above the jet, just above the tropical tropopause (similarly located regions appear at other times if a lower-frequency contour is plotted); this is consistent with reports of a common pathway for isentropic poleward transport from the top of the tropical tropopause region into the lower stratosphere (e.g., Rosenlof et al. 1997; Hegglin and Shepherd 2007; Bönisch et al. 2009; Pan et al. 2009; Homeyer et al. 2011) . Regions of RWB are also seen below and equatorward of the polar jet ( Fig. 9b and d) in both hemispheres and all seasons, with the strongest and most extensive such regions in the NH in summer. Significant RWB regions poleward of and above the polar jet are seen in the NH in all seasons, again strongest and most extensive in summer. More pervasive RWB associated with the polar jets is consistent with their being primarily eddy-driven as opposed to the more radiatively-driven subtropical jets, since eddy-zonal flow feedbacks related to RWB are important to "self-maintenance" of the eddy-driven jets (e.g., Lorenz and Hartmann 2003; Robinson 2006; Bordi et al. 2007; Barnes and Hartmann 2011; Garfinkel et al. 2013 ). Strong RWB regions are also seen in the polar lower stratosphere (∼6-12 km above the upper tropospheric jets) in both hemispheres in summer. The patterns of RWB are consistent with the patterns shown in the climatology of Hitchman and Huesmann (2007) .
Multiple tropopauses occur more than 20% of the time in all seasons from extending from ∼0 to 15 • poleward of the subtropical jet, covering ∼10-20 • latitude depending on season and hemisphere (the largest extent is in the NH in spring, not shown). In winter, they are common throughout the region poleward of the subtropical jet, reflecting the added presence of the high-latitude multiple tropopauses discussed above. The secondary tropopause at high latitudes is typically 8-10 km above the primary tropopause in fall and winter, while immediately poleward of the subtropical jet the secondary tropopause is ∼4-6 km above the primary. Most of the increase in separation with latitude occurs at the latitude of the polar jet. The dT/dz contours (white overlays) do not closely follow the multiple tropopause structure because they are an average over single and multiple tropopause cases. However, they do generally suggest a folded structure in regions near the upper tropospheric jets where multiple tropopauses are common. Folding is less obvious in the polar winter regions, consistent with multiple tropopauses there originating primarily from subtle variations in the polar lower-stratospheric thermal structure.
Summary and Conclusions
A climatology of UTLS jets in MERRA reanalysis from 1979 through 2012 is presented. Using recently developed methods of characterizing UTLS jets and tropopauses (Manney et al. 2011), we show the seasonal patterns and evolution of the upper tropospheric jets in relation to the subvortex jet (the lowest portion of the stratospheric polar night jet that extends into the lowermost stratosphere) and to regions with multiple tropopauses.
In the NH, a nearly zonal subtropical jet stretches from the mid-Atlantic across Africa and Asia throughout the year, strongest in winter and spring. In NH winter and spring, and weakly in fall, the upper tropospheric jet splits into a subtropical and polar jet over the eastern Pacific and merges again over Eastern North America. In the SH, upper tropospheric subtropical and polar jets typically extend around most of the globe, forming a spiral structure in winter and spring. In summer and fall, the polar jet is commonly the more persistent of the two.
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The vertical structure of the UTLS jets and tropopauses shows the characteristic high altitude subtropical jet and lower altitude polar jet, with the primary tropopause following the levels just above the jet core. Secondary tropopauses cluster poleward of the subtropical jet near 15-17 km altitude. The SH subvortex jet extends several kilometers down into the altitude region where upper tropospheric jets are common, extending lowest during spring; the NH subvortex jet barely overlaps this region.
A band with frequent multiple tropopauses extends poleward from the subtropical jet location in all seasons, where the higher tropical tropopause extends poleward over the top of the subtropical jet, and tropospheric intrusions are common. Multiple tropopauses in this subtropical to midlatitude band are most frequently found slightly west (upstream) of the maximum subtropical jet frequencies. Most frequent subtropical to midlatitude multiple tropopauses are seen in NH winter to spring, with highest frequencies and broadest latitude extent over North America.
Multiple tropopauses are pervasive in the high-latitude SH in fall and winter (May through August), associated with the unique thermal structure of the Antarctic polar vortex region. High-latitude multiple tropopauses are also common in the NH in fall and winter, and are often associated with the polar vortex/subvortex temperature structure, but in some cases are directly related to a higher tropopause extending poleward over a lower one across an upper tropospheric jet (either the polar jet, or a subtropical jet that has shifted to high latitude during, e.g., a blocking event).
Viewing the upper tropospheric jets averaged with their cores at the origin highlights several additional features of their climatology:
• The subtropical jet is strongest in winter and spring and stronger in the NH than in the SH.
• The 2 PVU PV contour, often used to indicate the dynamical tropopause, passes very near the core of both subtropical and polar jets and is nearly vertical at that point.
• The primary tropopause drops ∼4-6 km across the subtropical jet, and ∼2-4 km across the polar jet.
The signature of the Asian summer monsoon circulation is a strong tropical easterly jet in NH summer from ∼40 to 100 • E, accompanied by a northward and upward shift of the westerly subtropical jet. In a manifestation of the "Gill solution" circulation driven by convection associated with low-level heating, a westerly tropical upper tropospheric jet is seen to the east of this monsoon circulation. In the SH summer, the Australian monsoon circulation is accompanied by a strong, persistent westerly jet in the SH tropics in the eastern Pacific. The westerly jet eastward of the Australian monsoon is stronger and more persistent than that associated with the Asian summer monsoon, and a region of multiple tropopauses forms poleward of it. The "westerly ducts" in NH winter and spring are seen as higher jet frequencies at low latitudes in NH winter and spring over the eastern Pacific and the Atlantic; the westerly duct in the eastern Pacific is part of the Gill-solution pattern associated with the Australian monsoon.
Situations where the subvortex jet merges with an upper tropospheric jet are very frequent in the SH in May through December, and have a maximum in the longitude region where the pattern of subtropical upper tropospheric jet frequencies spirals poleward to merge into a more persistent polar jet. The SH subvortex jet is persistent beginning in May, but is usually unmerged through June; it is nearly always merged with an upper tropospheric jet in July through mid-November. Merged jets in the NH, while always much less frequent and persistent than those in the SH, occur frequently in November through April, and are most common over the north Atlantic and (when at latitudes equatorward of 60 • N) over Asia.
Several aspects of the climatology of upper tropospheric jets from the MERRA reanalysis illustrated in the spatial and temporal frequency distributions show behavior that is consistent with the results of previous studies using other methods and different datasets. This provides high confidence in the MERRA UTLS dynamical fields, which had not heretofore been studied in detail. These results are extended here to provide a global 34-year climatology, and to show the relationships of the upper tropospheric jets to the stratospheric subvortex and multiple tropopauses. Follow-up papers (Manney et al., in preparation) analyze interannual variability and long-term changes in the UTLS jets, and use the jet-coordinate framework to examine trasnport in trace-gas climatologies from reanalysis and satellite datasets. 
